For clarifying the genetic base of the variation of yieldrelated traits in soybean [Glycine max (L.) Merr.], we mapped quantitative trait loci (QTLs) for plant height and seed weight using a recombinant inbred line population derived from a cross between Chinese elite line Zhongpin03-5373 and cultivar Zhonghuang13. We detected 11 QTLs for plant height and 18 QTLs for seed weight across six diverse environments. These included three pairs of plant height-vs. seed weight-related QTLs located in close proximity to each other, with two pairs, qPH-7 vs. qSW-7-2 and qPH-19-2 vs. qSW-19, sharing the same direction of additive effects. Individual QTLs explained 2.02 to 47.60% of the variation in plant height and 2.13 to 14.35% in seed weight. Two and five of the major QTLs discovered for plant height and seed weight, respectively, that were stable across environments in our study have been reported previously. Among them, four QTLs,, and qSW-18, were not involved in digenic epistatic interaction in our biparental population, indicating that these QTLs will be useful for marker-assisted selection and should be targeted for the future identification of candidate genes. Moreover, eight QTLs for both plant height and seed weight were newly identified in our population.
except Gm14 for plant height and Gm01 for seed weight, respectively (Grant et al., 2010) .
The presence of epistasis severely impacts the power to map QTLs and also the accuracy to predict the phenotypic performance in MAS. For instance, Wang et al. (1999) have shown that the precision of QTL mapping would be greatly enhanced if epistatic interactions were considered in the QTL mapping model (Wang et al., 1999) . Presence of epistasis for plant height has been previously reported in a pioneering study from Lark et al. (1995) based on a population of 224 recombinant inbred lines (RILs). In contrast, epistasis was not detected for plant height in a soybean population consisting of 111 F 2 -derived lines (Lee et al., 1996) . Most of other previous QTL studies on plant height and seed weight ignored epistasis and focused exclusively on mapping QTLs with significant main effects.
Plant height and seed weight are also impacted by interactions of genotype × environment, which could severely impact the power of QTL detection. Moreover, knowledge on specific QTL × environment interactions can guide the search for varieties adapted to particular environments. To the best of our knowledge, however, QTL × environment interactions have not been studied for plant height and seed weight in soybean so far.
Our current study is based on a biparental soybean population comprising 254 RILs, which has been evaluated for plant height and seed weight in multilocation field trials and genotyped with 508 molecular markers. We mapped specific and overlapping QTLs controlling plant height and seed weight across multiple environments based on a genetic linkage map and evaluated the contributions of epistasis effects to plant height and seed weight variance. The identified molecular markers with linkage to QTLs possess potential for application in MAS for soybean plant height.
Materials and Methods

Mapping Population
The initial cross was made between Zhongpin03-5373 (ZP) (developed by the Institute of Crop Science, Chinese Academy of Agricultural Sciences [ICS-CAAS]) as female parent and Zhonghuang13 (ZH) (provided by Prof. Lianzheng Wang, ICS-CAAS, Beijing, China) as male parent and a total of 254 F 2 plants derived from the cross were produced in 2007. The derived lines from F 2 plants were propagated by selfing in bulk from F 3 to F 4 and then in single-seed descent from F 5 to F 8. Genomic DNA was extracted from young leaves of 10 seedlings per F 8 line using the DNAquick Plant System (Tiangen Biotech [Beijing] Co., Ltd.).
Trait Evaluation and Analysis
We evaluated F 5 -derived families in six environments at three experimental stations of the Institute of Crop Science, Chinese Academy of Agricultural Sciences (CAAS), including at Changping (40.2° N, 116.2° E) 18.2° N, 109.5° E) in Hainan Province in 2009 (SYa09) and in 2010 (SYa10), and at Shunyi (40.1° N, 116 .7° E) in Beijing in 2010 (SYi10). The experiments were conducted from mid June to mid October in Beijing and from early January to early March in Hainan Province. The 254 RILs and their parents were planted in a completely randomized design with three replications. Each plot comprised a row with 0.55 m width and 1.5 m length with a space between two plants of 0.10 m.
Ten individuals in the middle of each row were randomly selected and plant height (in cm) and 100-seed weight (in g) were measured. Plant height was defined as the length between the cotyledon node and the peak of the main stem. The measurement was averaged over the 10 individuals. After drying, the seeds from each individual plot were collected together in bulk and random samples of three times 100 seeds were selected to measure seed weight. The measurement was averaged across the three replications.
The variation parameters of plant height and seed weight, such as partial, kurtosis, and standard deviation, were estimated using software IciMapping V3.1 (Li et al., 2008b) . Heritability for plant height and also seed weight in six environments respectively were estimated as follows: H 2 n = S G /(S G + S G×E /n + S e /n × r), in which H 2 n is the broad-sense heritability, S G is the genotypic variance, S G×E is the variance of genotype × environment, S e is the error, n is the number of genotypes, and r is the number of replicates (Hanson et al., 1956 ).
Molecular Markers and Quantitative Trait Locus Mapping
A total of 508 molecular markers, including 313 single nucleotide polymorphisms (SNPs), 167 simple sequence repeats (SSRs), four expressed sequence tag-SSRs, and 24 indels (Supplemental Table S1 ) were used in this study. The marker selection and linkage map construction had been described in our companion study (Y.H. Li and L.J. Qiu, unpublished data, 2013) . Inclusive composite interval mapping (Li et al., 2007) implemented in QTL IciMapping V3.1 (Li et al., 2008b ) was used to detect putative QTLs in each environment. We used an additive genetic model. The walk speed was set to 1 cM and the probability for markers entering into the model in stepwise regression was set to 0.001. Logarithm of the odds (LOD) score peaks higher than 2.5 were used to declare the presence of a putative QTL in a given genomic region. The QTLs detected in all individual environments were named common QTLs while those detected only in subsets of environments were denoted as environmentspecific QTLs. We defined QTLs as coincident when the peaks where within a range of 20 cM of genetic map distance, following the suggestion by Schwegler et al. (2013) .
The functionalities of mapping of additive and digenic epistasis genes from multi-environmental trials of QTL IciMapping V3.1 (Li et al., 2008b ) was used to detect QTLs × environment interactions, with a LOD score threshold of 2.5 set to identify a putative QTL.
Moreover, the functionalities of mapping of additive and digenic epistasis genes in biparental populations were used to detect epistatic interactions between markers with significant associations with LOD < 4.0. We followed the nomenclature suggested by McCouch et al. (1997) to name the QTLs detected in our study by adding a serial number separated by a dash after the chromosomal number if there were more than one QTL on a chromosome (McCouch et al., 1997) .
Results
Phenotypic Evaluations
Plant height and seed weight were surveyed in a RIL population derived from ZP × ZH in six environments. The two parental lines significantly differed with respect to their plant height and seed weight. Parent ZH consistently was shorter and possessed higher seed weight compared to parent ZP (Supplemental Table S2 ). Both plant height and seed weight showed continuous normal distributions (Fig.  1) , and their skewness and kurtosis values were less than 1.0 for the RIL populations in all environments, suggesting a quantitative inheritance pattern. The heritabilities (H 2 ) estimated across the six environments were 55.4 and 53.2% for plant height and seed weight, respectively.
Polymorphic Marker Selection and Genetic Map Construction
The genetic map constructed from our data comprised 508 molecular markers (Supplemental Table S3 ) and had a total length of 2635.63 cM with an average marker spacing of 5.4 cM (Fig. 2) . All loci were assigned to 20 soybean chromosomes by aligning the included markers to the soybean reference genome (Glyma1.01) and the integrated soybean genetic map (Consensus Map 4.0) (Hyten et al., 2010) . A total of 21 gaps larger than 20 cM in length were present on 17 chromosomes, except for Gm17, Gm18, and Gm07. Of these, only two gaps, located on Gm01 and Gm06, respectively, were larger than 30 cM in length.
Quantitative Trait Loci Identified for Plant Height
The genomewide scan revealed the presence of 11 putative QTLs for plant height located on nine chromosomes (Table 1 ; Fig. 2 and 3A) . One out of the eleven QTLs, qPH-13, was common to all six environments while 10 popped up only in a subset of environments. Among these environment-specific QTLs, six, , were detected only in one out of six environments while four, , were reproducible in two to five environments. In accordance with the single location analyses, we detected in the screen across locations three QTLs with significant environment interactions (Table 1) .
Individual QTLs explained 2.02 to 47.60% of the phenotypic variation of plant height. We identified two major QTLs explaining average proportions of more than 10% of the phenotypic variation. One of these QTLs, qPH-13, had previously been described (Josie et al., 2007) and explained between 28.43 to 47.60% of the phenotypic variation for plant height in the individual environments, suggesting that it is a major and stable QTL for plant height and will be a great value for MAS. The flanking markers of qPH-13, Map-2496 and satt554, are located on Gm13 and span an interval amounting to 0.85 Mb according to the soybean reference genome (Glyma1.0). In the four high latitude environments (CP09, SYi10, CP10, and CP11), qPH-13 had the largest LOD scores (30.92, 31.21, 39.78, and 44.04) (Fig. 3 ; Table  1 ) and explained on average 40.86% of the plant height variation. In low latitude environments (SYa09 and SYa10), QTL qPH-13 explained only 28.43 and 28.74% of the plant height variation. Consequently, our results indicated that QTL qPH-13 has to be considered in MAS differentially for low and high latitude environments. Epistatic interactions were evaluated performing a full two-dimensional genome scan. A total of 11 epistatic interactions were detected using LOD values of 4.0 as threshold (Table 2 ). The proportion of phenotypic variation explained by all epistatic QTLs ranged from 2.92 to 14.16%. No common epistatic interactions were detected across six environments. Except epistatic interaction (EI)-plant height (PH)-7 and EI-PH-10, 9 of the 11 epistatic interactions did not involve any of the main effect QTLs identified in this study.
Quantitative Trait Loci Identified for Seed Weight
We identified 18 putative QTLs for seed weight located on 14 of the 20 soybean chromosomes ( Fig. 2 and 3B ; Table 3 ). Seven QTLs exhibited significant interaction with the environments (Table 3) . Individual QTLs explained 2.13 to 14.35% of the phenotypic variation of seed weight. The highest proportion of explained phenotypic variance was observed for qSW-2-1, which was only identified in one environment (Supplemental Fig. S1 ; Table 3 ). Moreover, QTLs qSW-19 and qSW-12-2 explained 9.93 and 7.29% of the phenotypic variation. Quantitative trait locus qSW-12-2 was largely affected by the latitude, with only one third of the phenotypic variance explained in low (3.36%) compared to that in high latitude environments (9.26%). This suggests that qSW-12-2 has to be considered in MAS differentially for low and high latitude environments. A two-dimensional genome scan revealed 10 significant pairwise epistatic interactions for seed weight (Table 4 ). In total, 40% of the pairwise interactions involved loci with significant main effects for seed weight. The proportion of phenotypic variation explained by all epistatic QTLs ranged from 3.84 to 8.88%. No common epistatic interactions were detected across six environments.
Discussion
Quantitative Trait Loci for Plant Height
A series of QTLs had already been known for plant height as an important yield-related trait in soybean. The 11 QTLs that were identified in our study were compared to those from databases and references (Gao et al., 2013; Wang et al., 2011) in a meta-analysis. The major robust QTL for plant height qPH-13 with large and stable effects showing peak LOD scores of phenotypic variation from 28.43 to 47.60% across six environments was found on Gm13 within marker interval Map-2496 to Satt554. Previous studies had identified several QTLs for plant height in or near this chromosomal region using RILs with different genetic backgrounds (Fehr et al., 2004; Jarvik et al., 1999; Josie et al., 2007; Reinprecht et al., 2006) . For example, in a study using RILs derived from soybean varieties Essex and Forrest, a major QTL, qPLH, also flanked by Satt554 and an amplified fragment length polymorphism marker CCA19, could explain 25.0% of the phenotypic variation of plant height (Josie et al., 2007) . Moreover, the corresponding QTL in our study, qPH-13, was not found to be involved in digenic epistatic interaction in this biparental population, making it a suitable target for MAS candidate gene identification. Marker Map-2496 is located in the coding region of gene Glyma13 g35870.1, which encodes a Met-10+like protein (Pfam:02475) with transferase activity (GO:0016740). The marker interval between Map-2496 and Satt554 was 0.85 Mb, in which 245 SNPs were detected between ZP and ZH by resequencing (Li et al., 2013) . Eight of these SNPs were located in coding regions, including four nonsynonymous and four synonymous SNPs. This polymorphic information is useful for future fine mapping of the plant height QTL within this region.
Plant height QTLs residing in the same region as qPH-19-2 explaining 5.14 to 19.42% of phenotypic variation in our study had been reported previously for two intraspecific RIL populations derived from reciprocal crosses of soybean cultivars Minsoy and Noir 1 (Mansur et al., 1996) and one interspecific RIL population derived from cultivated line Tokei 780 (G. max) and the wild accession Hidaka 4 (Glycine soja Siebold & Zucc.) (Liu et al., 2007) . The results showed that they were major QTLs, which explained 31.6, 32.5, and 13.4% of the variation in plant height. Furthermore, QTL qPH-19-2 coincides with the positions of flowering time-related QTLs located between markers Sat_099 (nucleotide 43523541 to 43523584 of the soybean reference genome) and Satt229 (nucleotide 47049074 to 47049139) (Funatsuki et al., 2005; Githiri et al., 2007) . This might indicate that plant height is also affected by flowering time.
In addition, QTL qPH-7 linked to marker Satt175 was identified previously as a plant height-related QTL in three backcross-derived populations (Guzman et al., 2007) . Other studies also mapped the QTLs at the same position as qPH-6 in interval Map-0980 to satt281 (Gao et al., 2013; Wang et al., 2011) . The remaining seven minor QTLs were not yet reported, suggesting that they were novel QTLs for plant height.
The plant height of parental line ZP was consistently taller than that of ZH in all six environments in our study. However, additive effects of QTLs controlling plant height came from both parents (Supplemental Fig.  S1 ; Table 1 ), which might be the transgression of parental plant height in some of the RILs in our population. Eight alleles of the 11 QTLs serving as short plant height came from ZH, explaining approximately 40% of total phenotypic variation. Among the remaining three QTLs from ZP, explaining approximately 43% of phenotypic variation, qPH-13 was major QTL that explaining 28.74 to 47.60% of phenotypic variation depending on the environment. Therefore, it should be possible to produce offspring with desirable plant height by pyramiding different alleles. The knowledge of epistatic interactions is essential to understand the genetic architecture and gene networks underlying complex traits (Würschum et al., 2011) . However, their contribution to the determination of plant height in soybean has not been investigated sufficiently. So far, only Lark et al. (1995) has reported significant epistatic interactions for plant height in soybeans. With 11 epistatic interactions, we identified more than the seven indicated by Lark et al. (1995) . However, a subset of seven amounting to in total 63.6% of all epistatic interactions controlled only less than 4% of variation. Only the remaining four interactions showed substantial epistatic effects controlling 7.65 to 14.2% of variation. Quantitative trait locus qPH-6 (Map-0980 to satt281) was the only plant height QTLs identified in our study involved in an epistatic interaction (EI-PH-10). Furthermore, marker satt229 was involved in epistatic interaction EI-PH-7. Both EI-PH-7 and EI-PH-10 might deserve for further analysis of their effects in nearisogenic lines. Since multiple epistatic interactions of small sizes can lead to substantial cumulative epistatic effects, the clarification of epistatic interaction involving plant height QTLs will be helpful to improve soybean breeding.
Quantitative Trait Loci for Seed Weight
Seed weight is another important yield-related trait in soybean. In our study using RILs derived from ZP and ZH, a total of 18 QTLs for seed weight were identified. Among these, two major common QTLs of qSW-12-2 and qSW-19 were confirmed in different genetic backgrounds by previous reports. One QTL qSW-12-2 had been discovered in five F 2 populations (Gao et al., 2007) and two interspecific BC 2 F 4 populations (Li et al., 2008a) , explaining 8.6 to 14.7% of the phenotypic variation in seed weight. The other QTL qSW-19 had been identified in three RIL populations derived from soybean cultivars (Jarvik et al., 1999) . Furthermore, three reproducible QTLs across five environments in our study had also confirmed by previous studies, including qSW-11 in RILs derived from soybean cultivars Minsoy and Noir 1 (Specht et al., 2001) , qSW-17-1 in both interspecific RIL (Liu et al., 2007) and intraspecific RIL (Teng et al., 2008) populations, and qSW-18 in F 2 and F 4 populations . Moreover, eight new QTLs for seed weight were detected in our study, located in Gm02, 04, 07, 09, 10, 13, and 17, respectively. Among them, , and qSW-17-2 were detected in more than two environments, explaining 2.13 to 9.10% of the phenotypic variation of seed weight.
Quantitative trait locus qSW-19 interacted epistatically with two QTLs located on chromosomes of Gm13 and Gm18, respectively, suggesting this QTL is difficult to be used for MAS. In contrast, three of the robust QTLs, qSW-11, qSW-12-2, and qSW-18, were not involved in epistatic interactions. Seed weight-increasing alleles were inherited from the ZH at 12 of the 18 QTLs detected in our study.
We also found some proximity QTLs for plant height and seed weight. For example, QTLs qPH-7 vs. qSW-7-2 clustered in the interval Satt175 to Satt697 on Gm07, qPH-13 vs. qSW-13 in the interval Map-2492 to Satt554 on Gm13, and qPH-19-2 vs. qSW-19 in the interval Map-3948 to Satt229 on Gm19. Two co-localizing pairs of QTLs shared the same direction of additive effects, with positive alleles being contributed by ZP for qPH-7 vs. qSW-7-2 and ZH for qPH-19-2 vs. qSW-19. Such coincident QTLs have been previously reported in crops, including rice (Oryza sativa L.) (Cai and Morishima, 2002) , wheat (Triticum aestivum L.) (Sun et al., 2009) (Lin et al., 1995) , and soybean (Lin et al., 1995) . The markers around these stable co-located QTLs will be useful for MAS.
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